The aggressive response of male bullfrogs (Rana catesbeiana) habituates with repeated broadcasts of acoustic stimuli simulating a new territorial neighbor. The effects of stimulus repetition rate and stimulus intensity on bullfrog aggressive responses were tested in a field experiment designed to test the assumptions of a dual-process theory of habitation. Synthetic advertisement calls were broadcast at 2 repetition rates and 2 intensities in a factorial design. Bullfrogs were more aggressive at the higher stimulus intensity at both repetition rates. Aggressive responses habituated more slowly at the higher stimulus intensity and slower repetition rate compared with other treatments. Several biotic and abiotic factors had small or negligible effects on aggressive responses. Although consistent with the operation of 2 opposing processes, habituation and sensitization, the data provide only partial support for the assumptions of dual-process theory.
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The aggressive response of male bullfrogs (Rana catesbeiana) habituates with repeated broadcasts of acoustic stimuli simulating a new territorial neighbor. The effects of stimulus repetition rate and stimulus intensity on bullfrog aggressive responses were tested in a field experiment designed to test the assumptions of a dual-process theory of habitation. Synthetic advertisement calls were broadcast at 2 repetition rates and 2 intensities in a factorial design. Bullfrogs were more aggressive at the higher stimulus intensity at both repetition rates. Aggressive responses habituated more slowly at the higher stimulus intensity and slower repetition rate compared with other treatments. Several biotic and abiotic factors had small or negligible effects on aggressive responses. Although consistent with the operation of 2 opposing processes, habituation and sensitization, the data provide only partial support for the assumptions of dual-process theory.
Habituation has been defined as a decrease in the magnitude or frequency of a response that occurs with repeated or constant stimulation but does not result from sensory adaptation or effector fatigue (Thompson & Spencer, 1966; Thorpe, 1963) . As such, habituation represents the simplest and most taxonomically widespread form of behavioral plasticity contingent on experience (Hinde, 1970; Macphail, 1993; Shettleworth, 1998; Thorpe, 1963) . Habituation also can be considered an attentional or learning process that allows animals to form enduring mental representations of the physical properties of a repeated event or stimulus and to shift their focus of attention away from sources of irrelevant or unimportant stimulation (Cowan, 1995; Hall, 1991; Shettleworth, 1998; Sokolov, 1963; Wagner, 1976 Wagner, , 1979 . These two aspects of habituation, changes in the responsiveness and the formation of mental representations, play potentially important roles in social behaviors that require animals to learn to recognize other individual animals (Peeke, 1984; Shettleworth, 1998) .
In some territorial species, territory owners behave less aggressively toward nearby neighbors compared with unfamiliar conspe-cifics (reviewed by Temeles, 1994; Ydenberg, Giraldeau, & Falls, 1988) . Some studies have suggested that habituation could function as a mechanism that would allow territorial animals to become familiar with and exhibit lower levels of aggression toward their nearby neighbors (e.g., Bee & Gerhardt, 2001; Brooks & Falls, 1975; Peeke & Veno, 1973; Wiley & Wiley, 1977) . Unfortunately, however, studies of habituation as a mechanism of reduced aggression between territorial neighbors have been largely limited to experiments with convict cichlids (Cichlosoma nigrofasciatum), three-spined sticklebacks (Gasterosteus aculeatus), and whitecrowned sparrows (Zonotrichia leucophrys; reviewed in Peeke, 1984) . Hence, our understanding of habituation as a mechanism of reduced aggression and the processes that mediate behavioral response decrements is potentially limited by the restricted taxonomic scope of previous studies.
The purpose of the present study was to test three assumptions of the dual-process theory of habituation, proposed by Groves and Thompson (1970) , using habituation of territorial aggression in North American bullfrogs (Anura, Ranidae), as a behavioral assay. Territorial male bullfrogs respond less aggressively toward their nearby neighbors as compared with unfamiliar conspecifics based on individually distinctive acoustic signals (Bee & Gerhardt, 2001 ; M. S. Davis, 1987) . Repeated broadcasts of the advertisement calls of a simulated new neighbor from an adjacent territory result in aggressive response decrements that are retained between consecutive nights and that are specific both to the location of stimulus broadcasts and to individually distinct properties of advertisement calls (Bee & Gerhardt, 2001, in press a, b) . Hence, habituation probably plays an important role in mediating reduced levels of aggression between adjacent neighbors in this species, thus making bullfrogs an ideal species for testing models of habituation, such as the dual-process theory, under realistic and behaviorally relevant conditions. Dual-process theory remains an influential model of habituation (Domjan, 1998; MacPhail, 1993; Shettleworth, 1998) . According to dual-process theory (Groves & Thompson, 1970; Thompson, Groves, Teyler, & Roemer, 1973) , behavioral response decrements BEE that occur with repeated or constant stimulation are the result of the summation of two inferred internal processes, one decremental (habituation) and the other initially incremental and then decremental (sensitization). The habituation process refers to a decrease in activity along a stimulus-response pathway in the central nervous system, whereas the sensitization process refers to an initially incremental process in the state system of the animal that determines the animal's general level of excitation or motivation to respond. Habituation and sensitization processes are assumed to act independently and then sum together to produce the observed behavioral effects of repeated stimulation.
Dual-process theory postulates that stimulus repetition rate and stimulus intensity are the two stimulus attributes that most directly influence the processes of habituation and sensitization and, hence, the rate and degree of behavioral response decrement during habituation training (Groves & Thompson, 1970; Thompson et al., 1973) . Dual-process theory makes the following three basic assumptions regarding stimulus rate and intensity (Groves & Thompson, 1970; Thompson et al., 1973) : (a) the rate at which the inferred internal process of habituation develops is directly related to stimulus repetition rate and inversely, but rather weakly, related to stimulus intensity; (b) the amount and duration of the inferred internal process of sensitization are directly related to stimulus intensity; and (c) at low stimulus intensities, sensitization may not occur, whereas at high intensities, sensitization is directly related to stimulus repetition rate.
I conducted a field playback study to examine the effects of stimulus repetition rate and stimulus intensity on the magnitude of aggressive responses and the rate of behavioral response decrements within a single habituation training session. My primary objective was to investigate whether Groves and Thompson's (1970) assumptions hold for habituation of the aggressive response of territorial male bullfrogs. A secondary objective of this study was to explore the influence of biotic and abiotic factors with potential relevance to territorial male bullfrogs on the magnitude of aggressive responses and the rate of response decrement. Previous ethological studies have highlighted the influence of various biotic and abiotic factors in habituation studies (e.g., Peeke, Avis, & Peeke, 1980; Peeke & Peeke, 1982; Petrinovich & Patterson, 1979) . The importance of such factors results from their influence on the animals' motivational state brought about by a general sensitization effect that is not specific to the presentation of any particular stimulus (Petrinovich, 1984) . If behavioral response decrements result from the dual processes of habituation and sensitization in bullfrogs, we might expect responses to covary with various physical, temporal, or social factors that might influence a male's overall level of aggression through a nonspecific sensitization effect.
Method

Study Organism
During their summer breeding season, male bullfrogs (Rana catesbeiana) establish and defend territories around the periphery of permanent bodies of water (Emlen, 1968 (Emlen, , 1976 Howard, 1978) . Males produce stereotyped advertisement calls to announce their location to females as prospective mates and to other males as competitors for limited territories. Residents exclude other males from their territory using stereotyped aggressive movements and advertisement and encounter calls (see Figure 1 in Bee & Gerhardt, 2001 ). Encounter calls are given when other bullfrogs trespass on a male's territory and during aggressive interactions between males (Emlen, 1968 (Emlen, , 1976 Howard, 1978; Wiewandt, 1969) . Previous experiments have established that territorial males respond aggressively to broadcasts of prerecorded advertisement calls (Davis, 1987; Emlen, 1968; Wiewandt, 1969) and synthetic advertisement calls (Bee & Gerhardt, 2001 , in press a, b).
Playback Experiments
Between May and August 1997-1998, I conducted a playback experiment in which I broadcasted synthetic bullfrog advertisement calls to territorial male bullfrogs to simulate a new neighbor calling from an adjacent territory. Tests were performed under ambient light between 9:30 p.m. and 9:30 a.m., CDT, and usually commenced between 10:00 p.m. and midnight each night. On a night before that of testing, I captured 44 of the 52 bullfrogs and measured their snout-to-vent lengths (SVL) and masses. A few frogs in 1997 were captured and marked immediately after testing. Males were individually marked using methods described by Bee and Gerhardt (2001) . This study was conducted in central Missouri at the Little Dixie Lake Conservation Area (Callaway County, MO) and the Thomas Baskett Wildlife Area (Boone County, MO), which have been described previously (Bee & Gerhardt, 2001) .
Equipment. A portable notebook computer (Samsung SENS 800, Samsung Electronics America, Inc., Ridgefield Park, NJ) and battery-powered Nagra DH amplifier (Nagra USA, Nashville, TN) were used to broadcast synthetic bullfrog advertisement calls at sound pressure levels (SPLs) of either 87 dB or 81 dB, measured at a distance of 1 m (re 20 fjPa, fast RMS, C-weighted). These values of stimulus intensity were selected to reflect the upper and lower ends of the range of variation in the SPL of natural calls (Bee, 2001; Megela-Simmons, 1984) . Playback levels were calibrated in the field with GenRad 1982 (GenRad, Westford, MA) or Radio Shack (Radio Shack Corporation, Fort Worth, TX) sound level meters. Stimuli were broadcast through one of two 10-in. Optimus speakers (Radio Shack Corporation) mounted in wooden boxes and floated on Styrofoam platforms covered in black plastic. The frequency response of each speaker was flat (±4 dB) over the range of frequencies in the stimuli.
Stimuli. Synthetic bullfrog advertisement calls (16-bit resolution, 20-kHz sampling rate) were created using custom-designed software. A stimulus consisted of five consecutive advertisement calls separated by 30-s intercall intervals. The fifth and final call of the stimulus was followed by a silent interstimulus interval (1SI) of either 2.5 min or 5 min (see Figure  1 ). The combination of the stimulus and the ISI was broadcast repeatedly as a continuous loop using the sound-editing software GoldWave 4.02 (Chris Craig, St. John's, Newfoundland, Canada). Together, a stimulus and the subsequent ISI constitute what is hereafter referred to as a stimulus period. The duration of the stimulus portion of the stimulus period was fixed at approximately 2.5 min, which is equivalent to the duration of the five calls and four intercall intervals in a stimulus (see Figure la) . Hence, the duration of the stimulus period, and thus the stimulus repetition rate, varied according to the duration of the ISI. Stimulus presentations separated by the 2.5-min and 5-min ISIs correspond to fast and slow stimulus rates, respectively. All values of signal properties fell within the range of natural variation for this species (Bee & Gerhardt, in press a; Capranica, 1965) .
During playback tests, each bullfrog was presented with an acoustically size-matched habituation training stimulus in which the fundamental frequency of the stimulus matched that of the bullfrog's calls (±1 Hz). After recording and determining the fundamental frequency of a bullfrog's advertisement call, I selected an appropriate synthetic stimulus from a series of stimuli with fundamental frequencies spanning the range of natural variation (90-135 Hz) that were generated offline and stored on disk (see Bee & Gerhardt, 2001 , in press a, b, for procedural details). Fundamental frequency is strongly negatively correlated with size in bull- Figure 1 . Synthetic bullfrog advertisement calls used as stimuli in this study. A: One stimulus period consisting of one stimulus with five consecutive five-note calls followed by an interstimulus interval (ISI) of 2.5 min or 5 min (top); one five-note stimulus call (middle); and a single note from a stimulus call (bottom). Each call within a stimulus consisted of five identical notes that were 700 ms in duration, had symmetrical linear rise and fall times of 300 ms, and were separated by 700-ms intemote intervals. The five calls in a stimulus were separated by 30-s intercall intervals. During playback tests, the stimulus period shown in A (top) was repeated as a continuous loop. B: Sonogram of a single note from a stimulus used in playback tests (/i = 99 Hz). C: Power spectrum of the stimulus note shown in B. Each note within a call consisted of a series of 10 harmonics (/ 2 -â nd / 1( >-/i6) mat were integer multiples of the fundamental frequency (/i) and had the same starting phase relationships of 0°. The dominant frequency was the second harmonic (/ 2 ). All other harmonics were attenuated by 5-20 dB relative to the amplitude of the dominant frequency (see Bee & Gerhardt, 2001 , for additional details). D: Oscillogram depicting the fine-temporal waveform of the stimulus note shown in B. Horizontal bars indicate appropriate time scales.
frogs (Bee & Gerhardt, in press a) . I chose to size-match the frog's own calls for two reasons. First, anuran amphibians behaviorally discriminate between the calls of different-sized males on the basis of size-related differences in spectral properties (Bee, Perrill, & Owen, 1999 , 2000 Davies & Halliday, 1978) . Because the most intense aggressive interactions usually occur between contestants of similar or equal size in a number of animals (e.g., Enquist, Leimar, Ljungberg, Mallner, & Segerdahl, 1990) , including bullfrogs (Howard, 1978) , I preferred that all frogs experienced the acoustic signals of a neighbor of similar size. Second, this design incorporated a number of different stimuli in playback tests and avoided the potential problems of pseudoreplication and external validity associated with using one or a few stimuli in playback studies (Kroodsma, 1989 (Kroodsma, , 1990 .
Protocol. To begin a playback test, I identified a calling target male bullfrog and positioned the playback speaker at a distance of 6 m from the frog along the pond bank, in the direction of its most distant neighbor. If there were no nearby neighbors (e.g., <15-20 m away), I randomly determined speaker position. Typical distances between adjacently territorial frogs range between 3-16 m (Emlen, 1968 (Emlen, , 1976 . Once frogs resumed normal calling behavior, I determined the baseline rate of advertisement calling over 10-20 calls during a 10-20-min pretest observation period. I commenced playbacks within 5-10 min after the end of this observation period.
One or two observers seated near the pond bank midway between the speaker and the frog's original calling position (usually <5 m from the subject at all times) counted the number of encounter calls and the number of aggressive movements toward, around, and away from the playback speaker during each stimulus period. For a frog to be included in the data set, it had to give at least one encounter call during the first stimulus period of the test. The stimulus period was repeated as a continuous loop until frogs met a criterion of asymptotic response decrement defined as no movement and no production of encounter calls during three consecutive stimulus periods (hereafter, response decrement criterion).
Sixty-two male bullfrogs were tested in this experiment. Sixteen of these did not complete a playback test because (a) they did not respond aggressively to the speaker during the first stimulus period, (b) they abandoned their territory, (c) they wrestled with another frog during the test, or (d) inclement weather or technical limitations of the playback system interfered. Six of these frogs were successfully retested at a later date, yielding a final sample size of 52 subjects. Frogs were assigned randomly to the four combinations (n = 13 males per group) of stimulus rate (ISI = 2.5 min or 5 min) and stimulus intensity (81 dB or 87 dB) in a fully factorial design. There were no significant among-groups differences in SVL or mass, Fs(l, 40) < 1.5, ps > .24. Four frogs tested in 1998 had been previously tested in a separate experiment because only a limited number of frogs were available for testing that year. I took three precautions in testing these four frogs to minimize potential carryover effects in the present experiment: (a) I placed the playback speaker on the opposite side of the frog from that used during the previous experiment, (b) I allowed a minimum of 5 days without stimulation to elapse between tests (range = 5 to 43 days), and (c) I retested frogs that had previously experienced only a single night of habituation training.
Data Analysis
There was a significant positive correlation between the number of encounter calls and aggressive movements (r = .76, p < .001, n = 781 stimulus periods from 52 frogs), indicating that these were nonindependent measures of aggression. Therefore, I used principal-components analysis to extract the first principal component as a single measure of aggressiveresponse magnitude. Scores from the first principal component were used as an aggressive index (AI). These AI scores were highly correlated with both aggressive response variables (rs > .93, ps < .001, « = 781 stimulus periods).
Rate of response decrement. The rate of aggressive response decrement was measured in two ways. First, I determined the number of stimulus periods that each frog required to meet the response decrement criterion, including the final three stimulus periods without an encounter call or movement (Hinde, 1970) . Because the absolute duration of a stimulus period differed according to stimulus repetition rate (5 min for 2.5-min ISI; 7.5 min for 5-min ISI), a response decrement criterion based on three repetitions of the stimulus period was potentially more stringent for frogs that experienced the stimulus at the slower rate (5-min ISI), requiring 22.5 min consecutively without an aggressive response, compared with just 15 min consecutively in the group that received stimuli at the faster rate (2.5-min ISI). Any tendency for frogs trained with the slow stimulus rate (5-min ISI) to respond only during the last 2.5 min of the ISI could potentially bias the results toward frogs in this group requiring more repetitions of the stimulus to meet the response decrement criterion. This bias would then result from the longer period of time over which responses were monitored during the longer stimulus period and not from stimulus repetition rate per se. An analysis of response latencies (measured with a stopwatch from the onset of each stimulus period) indicated that frogs in the 5-min ISI groups never responded aggressively during only the last 2.5 min of three consecutive stimulus periods. Thus, the potential bias toward a requirement for more stimulus presentations until meeting the response decrement criterion in this group was not realized.
As a second measure of the rate of response decrement, I adjusted the AI scores to a minimum of zero and converted these AI scores to percentages for each frog by dividing the AI score for each stimulus period by the frog's AI score from the first stimulus period (AI score = 100% for the first stimulus period and 0% for the last three stimulus periods). I then computed, separately for each frog, a regression of the log-transformed percentage AI score for each stimulus period on the iteration of the stimulus period (Petrinovich & Widaman, 1984) . The slopes of the resulting individual regression lines, which were negative for all frogs (-.60 < /3 < -.01, average )3 = -.25; .07 < R 2 < .90, average R 2 = .53), served as a second measure of the rate of aggressive response decrement. By converting AI scores to percentages, these regression slopes were independent of among-group differences in the initial magnitude of the aggressive response.
Magnitude of the aggressive response. Studies of habituation often report a transient increase in the magnitude of the response during initial presentations of a repeated stimulus (Groves & Thompson, 1970) . As sensitization becomes more pronounced, we might expect maximum responses to occur during presentations of the stimulus after the initial presentation because of an initial but short-term build-up of the response (Groves & Thompson, 1970) . To determine whether male bullfrogs exhibited transient increases in aggression with repeated stimulation, I examined the effects of stimulus rate and intensity on the maximum AI score and the iteration of the stimulus period during which it occurred. However, apparent effects of stimulus rate on the magnitude of AI scores could result from differences in the absolute numbers of encounter calls and movements that might occur because of the different duration of the stimulus periods over which these responses were monitored. Therefore, I computed AI scores in a second principal-components analysis on the basis of the rate of encounter calls and aggressive movements in each stimulus period. The rates of encounter cails and movements were determined by dividing the numbers of encounter calls and movements by the appropriate duration of the stimulus period (5 min for the 2.5-min ISI; 7.5 min for the 5-min ISI). The maximum aggressive response was then determined as the maximum AI score during any stimulus period. I also examined the effects of stimulus rate and intensity on the initial magnitude of the aggressive response by comparing the AI scores (on the basis of response rates) during the first stimulus period.
Biotic and abiotic factors. I used correlation analysis to explore the relationships between several biotic and abiotic factors and the rate of aggressive response decrement and the magnitude of aggressive responses. (Sample sizes indicate the number of frogs for which each factor was measured.) Biotic factors intrinsic to the frogs included each frog's SVL and mass (ra = 44); an index of body condition, defined as the residuals of the cube-root of mass regressed on SVL, divided by SVL (n = 44; see Baker, 1992) ; and the frog's average advertisement call period during the pretest observation period (n = 48). Additional biotic factors included the fundamental frequency of the training stimulus (n = 52), the distance (in meters) between the frog and its nearest calling neighbor (n = 50), and two aspects of overall calling activity. On the basis of hourly 10-min observation periods made during each playback test, I determined the average number of male bullfrogs calling in the pond ("male density"; n = 52) and the average number of advertisement calls given by all male bullfrogs in the pond during an observation period ("chorus activity"; n = 52). Two abiotic factors that I measured were the time of night that the playback test was begun ("nightly start time"; n = 51) and the number of elapsed days since the formation of the first chorus of the breeding season (n = 52).
Statistical analysis. Five dependent variables (number of stimulus periods to criterion, individual regression slopes, maximum AI scores, the iteration of the stimulus period in which the maximum AI score occurred, and the initial AI score) were analyzed in a 2 (rate) X 2 (intensity) multivariate analysis of variance (MANOVA). Univariate analyses were used to examine, separately for each dependent variable, the effects of stimulus rate and intensity. All dependent variables were log-transformed [¥' = log, 0 (7 + k), where k = constant] to meet the assumptions of parametric analyses. A critical value of a = .05 was used to determine statistical significance. If there was a significant interaction term, I used planned contrasts to test each main effect at each level of the other main effect. Because the correlation analysis of biotic and abiotic factors was largely exploratory and did not test a priori hypotheses, I did not use a Bonferroni procedure to compensate for multiple comparisons.
Results
Playbacks of synthetic advertisement calls elicited aggressive responses in which frogs typically oriented toward the playback speaker, produced advertisement and encounter calls, and approached the speaker using stereotyped aggressive movements. Eventually, the frogs returned to their original territory and produced exclusively advertisement calls. Frogs met the response decrement criterion after experiencing between 4 and 81 repetitions of the stimulus period, which is equivalent to between 32 min and 10 hr of continuous habituation training. The territorial aggressive response exhibits many characteristics of response habituation with repeated playbacks, such as exponential response decay, long-term retention, stimulus specificity, spontaneous recovery, and dishabituation. Sensory adaptation and effector fatigue have been previously ruled out as general explanations for the observed response decrements (Bee & Gerhardt, 2001 ).
There were several significant correlations between the five dependent variables (see Table 1 ). MANOVA revealed a significant effect of stimulus intensity, R(5,44) = 2.79, p = .0284. There was a marginally significant effect of stimulus repetition rate, R(5, 
Rate of Response Decrement
The number of stimulus periods until frogs met the response decrement criterion and the regression slopes were not significantly correlated with the initial AI scores (see Table 1 ), indicating that both measures of the rate of response decrement were independent of differences in initial aggressive responsiveness. When the rate of response decrement was measured as the number of periods to criterion (see Figure 2A) , there was a significant effect of stimulus repetition rate, F(l, 48) = 4.84, p = .0327, a significant effect of stimulus intensity, F(l, 48) = 6.34, p = .0152, and a significant interaction between stimulus rate and intensity, F(l, 48) = 9.13, p = .0040. There was a significant effect of stimulus repetition rate at the 87-dB playback intensity, F(l, 48) = 13.62, p = .0006, but no effect of stimulus rate was found at the 81-dB stimulus intensity, F(l, 48) = 0.34, p = .5638. There was a significant effect of stimulus intensity at the slow stimulus repetition rate, F(l, 48) = 15.34, p = .0002, but no effect of stimulus intensity was found at the fast stimulus repetition rate, F(l, 48) = 0.13, p = .7236. The data indicate that frogs required more presentations of the stimulus to reach the response decrement criterion when the stimulus was broadcast at the slow rate (5-min ISI) and at the higher sound pressure level (87 dB) compared with the other three groups (see Figure 2A) . The significant main effects of stimulus rate and intensity were largely due to a pronounced synergistic effect in the group of frogs that heard the 87-dB stimulus at the slow repetition rate.
A similar pattern of differences was found for the slopes of individual regression lines (see Figure 2B ). There was a significant main effect of stimulus rate, F(l, 48) = 5.71, p = .0208, a marginally significant main effect of stimulus intensity, F(l, 48) = 3.26, p = .0771, and a significant interaction between stimulus rate and intensity, F(l, 48) = 8.97, p = .0043. There was a significant effect of stimulus intensity at the slow stimulus repetition rate, F(l, 48) = 14.05, p = .0004, but intensity had no effect at the fast stimulus repetition rate, F(l, 48) = 0.18, p = .6703. There was a significant effect of stimulus repetition rate at the 87-dB stimulus intensity, F(l, 48) = 11.53, p = .0014, but there was no effect of stimulus repetition rate at the 81-dB stimulus intensity, F(l, 48) = 0.71, p = .4047. The results of this analysis directly parallel those for the number of stimulus periods required to reach the response decrement criterion described above (cf. Figure 2A and 2B). The slowest rate of response decrement occurred in the group that heard the 87-dB stimulus at the slow (5-min ISI) stimulus repetition rate.
Magnitude of the Aggressive Response
Stimulus intensity had a significant effect on the maximum AI score, F(l, 48) = 10.23, p = .0025, and on the initial AI score, F(l, 48) = 5.18,/> = .0274. Frogs responded more aggressively in response to the 87-dB stimulus (see Figure 3) . There was no significant effect of stimulus repetition rate on either maximum AI scores, F(l, 48) = 1.47, p = .2312, or initial AI scores, F(l, 48) = 1.13, p = .2933, nor were there significant interactions between these stimulus attributes, Fs(l, 48) < 0.50, ps > .50.
Maximum AI scores were correlated with the distance between the frog and its nearest calling neighbor (see below). In an analysis of covariance (ANCOVA) using nearest neighbor distance as a covariate-within-cell regression, F(l, 45) = 8.12, p = .0066-I found that the effect of stimulus intensity remained significant, F(l, 45) = 6.24, p = .0162. The effects of stimulus rate and thê interactions of stimulus rate and intensity in this analysis did not approach statistical significance, Fs(l, 45) < 1.30, ps > .25. For 42 of 52 bullfrogs (81 %), the maximum aggressive response occurred during the first five stimulus periods (see Figure 4 ). There were no differences among groups in the number of frogs with maximum AI scores in the first five stimulus periods, ^(l, N = 52) = 0.03, p = .86. The maximum response occurred during the first stimulus period for half of the frogs (26 of 52), and the number of frogs for which the maximum response occurred during the first stimulus period did not differ among the four treatment groups, ^(1, N = 52) = 0.45, p = .50. There was a greater tendency for frogs that heard the 87-dB stimulus at the slow stimulus repetition rate to respond most aggressively in a stimulus period after the first stimulus period (see Figure 4) . However, analysis of variance revealed only a marginal effect of stimulus rate, F(l, 48) = 3.46, p = .0690, on the iteration of the stimulus period during which the maximum AI score occurred. There was no significant effect of stimulus intensity, F(l, 48) = 1.23, p = .2726, and no interaction between stimulus rate and intensity, F(l, 48) = 1.03, p = .3162. The same pattern of differences resulted when each frog's physical condition, which was correlated with the period of the maximum AI score-within-cell regression, F(l, 39) = 3.85, p = .0569 (see below)-was used as a covariate in a separate ANCOVA.
Biotic and Abiotic Factors
The correlations between the log-transformed dependent variables and the biotic and abiotic factors are summarized in Table 2 . Maximum AI scores were positively correlated with nearest neighbor distance. Maximum AI scores were also negatively correlated with SVL and mass. SVL and mass were highly correlated (r = .93, p < .001, n = 44). Mass was negatively correlated with nearest neighbor distance (r = -.33, p = .028, n = 44), and there was a negative and marginally significant relationship between SVL and nearest neighbor distance (r = -.30, p < .052, n = 44). Partial correlation analysis from regressions of maximum AI scores on nearest neighbor distance and either SVL or mass suggested that nearest neighbor distance was still positively correlated with maximum AI scores (rs > .39, ps < .0080) after controlling for SVL (r = -.24, p = .1218) and mass (r = -.18, p = .2514), which were no longer related to maximum AI score after controlling for nearest neighbor distance. There was also a significant positive correlation between a frog's physical condition and the period during which the maximum aggressive response occurred.
Discussion
In a seminal paper on the neuronal mechanisms of habituation, Thompson and Spencer (1966) outlined nine parametric characteristics common to most studies of habituation. Among these characteristics, Thompson and Spencer (1966) noted that the rate or degree of response decrement tends to be directly related to stimulus repetition rate and inversely related to stimulus intensity. Groves and Thompson (1970) incorporated these two characteristics into their dual-process theory of habituation, and other models of habituation also stress their influence on response decrements (e.g., Staddon, 1993; Wagner, 1976 Wagner, , 1979 . Evidence supporting these predicted relationships has been somewhat mixed, however, largely because of differences in the way habituation is defined and measured and depending on whether short-term or long-term forms of habituation are considered (Groves & Thompson, 1970; Thompson et al., 1973; Wagner, 1976) . For example, the rate of within-session decrements typical of short-term habituation tends to exhibit the expected direct relationship with stimulus repetition rate (M. Davis, 1970; Laming & McKinney, 1990; Rankin & Broster, 1992) . However, when long-term response decrements are measured after an intervening retention interval, then habituation is sometimes more pronounced at slower stimulus rates (Beck & Rankin, 1997; M. Davis, 1970; Pedreira, Romano, Tomsic, Lozada, & Maldonado, 1998) . Studies such as the present one, which focus on changes that occur during habituation training, are necessarily limited to making inferences about short-term, withinsession changes in the performance of a response, which could result from a number of other factors in addition to experimental manipulations (Rescorla, 1988) . 
Assumption of Dual-Process Theory
Results from this study support the assumption that stimulus repetition rate is directly related to the rate of development of the internal process of habituation. At the 87-dB stimulus intensity, response decrements proceeded at a faster rate when stimuli were presented at the fast stimulus repetition rate as compared with at the slow stimulus rate (see Figure 2) . Assuming for the moment that any sensitization effects were similar at the different stimulus repetition rates, these results suggest that the rate at which the internal process of habituation develops is directly related to stimulus rate.
At relatively lower stimulus intensities, however, dual-process theory assumes that sensitization does not operate or has only a weak effect (Groves & Thompson, 1970; Thompson et al., 1973) . Given that the internal process of habituation is assumed to be very weakly related to stimulus intensity but strongly related to stimulus repetition rate (Groves & Thompson, 1970; Thompson et al., 1973) , the habituation process should have made a greater relative contribution to the observed behavioral response decrement at the 81-dB intensity, where the additive effects of sensitization should have been less pronounced, compared with playbacks at 87 dB. If this were the case, the direct relationship between stimulus repe- Note. Similar values were obtained using the residuals of the dependent variables after removing the grand mean and the main effects of stimulus rate, intensity, and the interaction of these two effects using an analysis of variance. SVL = snout-to-vent length; Al = aggressive index. a After log, 0 transformation to improve normality. *p< .05.
tition rate and the rate of response decrement should be more apparent at the lower intensity. However, no effect of stimulus rate on the rate of response decrement was observed at the 81-dB stimulus intensity (see Figure 2 ). This result contradicts the assumption that the rate of development of habituation and stimulus rate are directly related. Stimulus intensity is assumed to have a strong and direct effect on the internal process of sensitization. Both initial and maximum aggressive responses were greater at the 87-dB intensity (see Figure 3) . A greater level of responsiveness at higher stimulus intensities represents evidence for what Hull (1952) termed stimulus intensity dynamism, a behavioral phenomenon that has been related to sensitization effects in studies of habituation (Petrinovich, 1984) . Frogs that heard the 87-dB stimulus not only responded more aggressively but also tended to respond most aggressively in later stimulus periods at the slow stimulus repetition rate, suggesting the possible accumulation of sensitization effects with repeated stimulation (see Figure 4) . Moreover, because the internal process of habituation is assumed to be very weakly related to stimulus intensity (Groves & Thompson, 1970; Thompson et al., 1973) , the difference in the rate of response decrement to the 81-and 87-dB stimuli at the slow stimulus rate (see Figure  2 ) further suggests the operation of an incremental process that is directly related to stimulus intensity.
Dual-process theory also assumes that sensitization is directly related to stimulus repetition rate at high stimulus intensities (Groves & Thompson, 1970; Thompson et al., 1973) . If this relationship were strong relative to the direct relationship between stimulus rate and the internal process of habituation, then the following predictions could be made for the group of frogs that heard the 87-dB stimulus at the fast stimulus rate compared with the other three groups: (a) the rate of response decrement should be slower; (b) aggressive responses should be more intense; and (c) the most aggressive response should occur at a later iteration of the stimulus. None of these predictions is supported by the data. Response decrements to the 87-dB stimuli proceeded at significantly faster, not slower, rates at the fast stimulus repetition rate (see Figure 2) . Initial and maximum aggressive responses were not affected by stimulus repetition rate or an interaction between stimulus rate and intensity (see Figure 3) . And the nonsignificant trend was for frogs that heard the 87-dB stimulus at the slow, not the fast, stimulus repetition rate to respond most aggressively during later iterations of the stimulus (see Figure 4) . Any number of explanations might be offered to explain these inconsistencies. For example, one need only assume that the direct relationship between the internal process of habituation and stimulus rate was sufficiently strong to offset any sensitization effects that occurred at the combination of high stimulus intensity and fast stimulus rate. In fact, one weakness of dual-process theory is that many behavioral responses can be construed as consistent with the aforementioned assumptions by postulating differences in the relative strengths of habituation and sensitization processes, differences in the strength of the relationships between these two processes and stimulus rate and intensity, or both.
Biotic and Abiotic Factors
I had expected that several of the factors examined in the present study (e.g., size, physical condition, chorus activity) might be related to the frog's general level of motivation and would, therefore, affect how the frog would respond to a simulated new neighbor through a nonspecific sensitization effect. Somewhat surprisingly, however, none of the factors considered here were correlated with the rate of response decrement or the initial magnitude of the response.
The distance of the frog's nearest calling neighbor was positively related to the maximum Al score. Perhaps frogs that were generally more aggressive, for whatever reasons, defended larger territories and forced neighbors to establish territories at greater distances away. Alternatively, frogs with closer neighbors may have previously experienced some degree of habituation lacking specificity to their neighbor's calls (Petrinovich, 1984) . Frogs with more distant neighbors would therefore maintain a higher level of aggressive responsiveness. Related findings based on the SPL of the nearest neighbor's calls have been demonstrated in Pacific treefrogs (Hyla regilla; Brenowitz & Rose, 1994) . No other variables related to the social context of a bullfrog breeding chorus were correlated with the magnitude of aggressive responses.
The positive correlation between a frog's physical condition and the stimulus period of its most aggressive response is somewhat puzzling. This result may indicate that male bullfrogs that are in better physical condition are more willing to sustain high levels of aggression against new neighbors. However, physical condition was not related to initial and maximum Al scores or the number of stimulus periods until frogs stopped responding to the playback. Additional work is needed to clarify the relationship between physical condition and motivation.
Perhaps the important implication of these data is that the physical, temporal, and social factors considered in this study had small or negligible effects on aggressive responses compared with the relatively potent effects of stimulus intensity and repetition rate. Of course, other variables that were not measured in this study, such as the frog's territory quality, previous experience interacting with neighbors, or the number of days a frog had been resident on its territory, may have had strong effects on aggressive responses.
Conclusion
Results from this study indicate that habituation and sensitization are two important processes for determining the magnitude of aggressive responses in bullfrogs and the time course of short-term aggressive response decrements. Moreover, both processes depend on stimulus repetition rate and stimulus intensity. Thus, at a conceptual level, this study appears consistent with a dual-process theory of habituation. However, the data presented here are not entirely consistent with two assumptions from Groves and Thompson's (1970) dual-process model, which state that habituation is directly related to stimulus repetition rate and that sensitization is also directly related to stimulus rate at high stimulus intensities. Of course, inferences from the present study are necessarily limited to the stimulus conditions used. Stimuli presented at different rates (e.g., 1-min or 10-min ISI) or more intense stimuli (e.g., one presented at a 3-m distance instead of the 6-m distance used here) could potentially produce quite different results. Similarly, the use of more realistic stimuli, such as prerecorded advertisement calls that incorporate natural levels of within-individual variation in acoustic properties and repetition rates, would shed light on how stimulus variation affects aggressive responses. Future work could address some of the apparent discrepancies between theory and the data reported here by extending the range of stimulus rates and intensities used during playbacks and by measuring both shortterm and long-term forms of habituation. Furthermore, stimulus intensity could be manipulated in other behaviorally relevant ways, for example, by imposing differences in the simulated size (and fighting ability) of the simulated neighbor. However, unlike other frogs (e.g., Bee et al., 1999 Bee et al., ,2000 Davies & Halliday, 1978) , male bullfrogs appear not to respond differentially to stimuli based on relative or absolute size differences conveyed by size-related variation in fundamental frequency (Bee, in press) .
A failure to provide support for two basic assumptions of Groves and Thompson's (1970) dual-process theory of habituation may reflect the fact that this study presented biologically meaningful communication signals, at behaviorally relevant stimulus rates and intensities, to freely behaving animals in their natural environment. Many of the early habituation studies on which dual-process theory was based presented unnatural stimuli, such as electrical shocks or pure tones, in laboratory tests using high repetition rates and intensities (Groves & Thompson, 1970; Thompson & Spencer, 1966) . In addition, the formulation of dual-process theory was heavily influenced by results from acute neural preparations (Groves & Thompson, 1970; Thompson & Spencer, 1966) . Many of the previous ethological studies that examined habituation in a range of behaviors in diverse taxonomic groups (reviewed in Thorpe, 1963; Hinde, 1970) predate the development of dual-process theory and other formal, detailed models of habituation (e.g., Groves & Thompson, 1970; Sokolov, 1963; Thompson & Spencer, 1966; Thompson et al., 1973; Wagner, 1976 Wagner, , 1979 . More studies from an ethological perspective are needed to test the proposed models of habituation using biologically meaningful stimuli presented to animals in their natural environments to elicit a broader range of responses from behavioral repertoires. Such studies might also shed light on how evolutionary adaptations have produced differences in the basic mechanisms of learning in diverse taxa. This study and others (Peeke, 1984; Petrinovich, 1984) serve to illustrate that territorial aggression is a potentially fruitful assay for testing theoretical models of habituation in a broad ecological and evolutionary context.
